W. Grey Walter (1910 Walter ( -1977 , a US-born neurophysiologist and EEG specialist at Bristol, UK, made important contributions to the neurosciences, but he is best remembered for a sideline activity, building robots. In an effort to show that extremely simple artificial brains can generate complex behaviour, Walter built two mechanical tortoises known as Elmer and Elsie in 1948-1949 . The three-wheeled machines, which Walter called Machina Speculatrix, initially only had two 'neurons', enabling them to display phototactic behaviour.
In later versions, Walter added a memory and a microphone and conducted Pavlovian experiments in which the machine was conditioned to associate specific sounds with rewards. As historian Andrew Pickering from the University of Exeter explained in the opening lecture of the recent Living Machines conference at the Natural History Museum in London, Walter's tortoises hold an important position in the history of cybernetics, as they show the brain as an acting machine, not just a thinking machine.
Efforts to imitate nature, Pickering elaborated, can produce very different results depending on which role of a biological system one decides to focus on. Mimicking only the thinking role of the brain, one can get artificial intelligence (AI) or chess-playing algorithms. Copying only mechanics gives us production-line robots and autonomous vacuum cleaners. However, if researchers can make artificial brains that actively engage with their environment, perceiving, thinking, and acting, then the result could be convincingly life-like, a true 'living machine'.
Thinking and acting machines
The Convergent Science Network of biomimetic and biohybrid systems organises the Living Machines conferences, and the proceedings of the London meeting are available in book form (N. Lepora et al., eds., Biomimetic and Biohybrid Systems, Springer, 2013). The key idea behind the network and the meetings is to combine approaches from the biomimetic field, including machines that think, act, or do both, with hybrid approaches merging biological and artificial elements to novel functional units. In short, to make all boundaries between biology and technology disappear.
At one extreme, these developments will produce androids of a sophistication hitherto only seen in science fiction. Researchers, such as Vasiliki Vouloutsi from the Universitat Pompeu Fabra in Barcelona, are already working on optimising the social behaviour of humanoid robots to enable them to fit in when it comes to the stage where they become part of our everyday lives.
Vouloutsi and her colleagues are members of the European EFAA (Experimental Functional Android Assistant) project, which has developed a model of social behaviour Feature for robots based on emotions and drives. The main goals they set for the robot's behaviour were survival, security, play, exploration and interaction with people. Its drives are designed to optimise these goals, and each drive has a regulation mechanism aiming to return it to the optimal level. There is also a higher level of control to select a course of action in case different drives have competing interests.
Vouloutsi and colleagues implemented this concept with the established humanoid robot iCub, using an interactive table known as Reactable allowing the robot to play games with human companions. Typically, the robot might look around for humans to interact with, then communicate with them or play games. It can demonstrate negative emotions like fear or disgust, for instance when it is grabbed unexpectedly or when there is a confusing multitude of objects on the Reactable.
The iCub robot displays emotions with the help of its facial features, making its social interactions appear Progress in biomimetic technology and the production of biohybrid techniques converges towards autonomous, more convincingly life-like systems and novel medical applications. Michael Gross reports.
Towards living machines
Mechanical tortoise: A replica of W. Grey Walter's 1951 robot Machina Speculatrix, incorporating several original parts, but without the perspex shell responsible for the tortoise nickname, built by Ian Horsfield and Owen Holland in the Bristol Robotics Lab. (Photo: Alan Winfield.) almost human. Given our tendency to recognise human-like features and behaviours in non-human agents from cartoon characters to pets, it is not difficult to imagine such 'social robots' getting a job at a customer helpdesk quite soon.
Using the same iCub robot system, and also as part of the EFAA project, Gregoire Pointeau and colleagues at INSERM's Robot Cognition Laboratory at Bron, near Lyon, France, have studied how humanoid robots can use mental models of the world. Specifically, the authors showed that a forward model, in which the robot mentally plays out the action it takes, enables it to check whether the planned action, e.g. moving an object to a different location, was successful by comparing the anticipated change in its mental model to the reality it observes. Any mismatch would suggest that the action failed and the robot could try again.
The researchers also used this mechanism to show that a robot can take into account the state of mind of other agents, as exemplified in the Sally-Anne task, often used to test theory of mind in children. (Sally puts her ball in a basket, leaves the room, Anne moves ball to a box. Child is asked where Sally would look for her ball on her return.) By redefining the robot's forward model to register only events that Sally witnessed in the room, they enabled the robot to take a different person's perspective.
Of course, the robot only takes this perspective because it has been specifically instructed to do so. The harder part is to recognise when perspective-taking is required, and to activate it autonomously. "We are currently working to automatically attribute to each recognized agent its beliefs, using only a single 'extra' mental world that we adapt to take any of these perspectives," Pointeau explains. "The first step is to identify different individual agents. For now, we can do this based on their names, and the underlying principal of our work on mental models will apply."
In the meantime, biomimetic research aiming to mimic mainly sensorimotor functions of living beings is alive and kicking, crawling, climbing, swimming… Several groups have developed a range of climbing robots inspired by the mechanics of animals including spiders. Jian Chen and colleagues from the University of Hamburg, Germany, have added a mechanical caterpillar to this bestiary. Their modular robot built of seven segments measures just under eight centimetres when fully extended. It follows a very simple set of instructions: 1) lift the tail; 2) propagate the hump; 3) stretch out the front. Using passive suckers to attach its feet to a substrate, the caterpillar robot can even climb up vertical windowpanes.
A deceptively simple-looking natural motion that still poses challenges for biomimetic research is the swimming of fish. Marc Ziegler and Rolf Pfeifer from the University of Zurich, Switzerland, have built a fish robot that has only one degree of freedom, namely the flapping of its tail fin. Nevertheless, they can show that by adjusting the elasticity of the fin, the fish can perform all movements required to swim in any direction.
Hybrid machines
While biomimetic research just takes its inspiration from nature, the biohybrid approach involves borrowing functional elements, from proteins up to entire organisms, and incorporating them into an artificial context. The approach isn't fundamentally different from historical machinery using horses or oxen as energy source, but nowadays the merging of biology and technology is more likely to operate on much smaller scales, down to the nanometre scale.
Turning the idea around, implants that function in a biological context can also be described as biohybrids. A long-established and highly successful bio-electronic device of the latter kind is the cochlear implant used to treat hearing loss. Pacemakers and the emerging prospect of an artificial retina are other medical implants that fall in this category.
As for the application of biological functions in a man-made context, the use of biomolecules in devices such as biosensors has already become commonplace. Challenges remain for the incorporation of larger biological units, from cells to organisms, into interactive devices.
Some research groups have used mammalian muscle fibres as microscale actuators in hybrid devices. However, the mammalian cells are quite demanding in terms of the environmental conditions they need to function. Even at physiological temperature and with frequent replacements of the medium, rat muscle can only be kept functional for around two weeks.
Therefore, Keisuke Morishima and colleagues from Osaka University, Japan, are advocating the use of insect muscle instead. They developed a biohybrid microrobot driven by the dorsal vessel muscle from the inchworm Ctenoplusia agnata. Their experimental results show that this tissue remains functional at a wide range of temperatures from 5 to 35°C for around three months, and there is no need to replace the medium (PLoS One (2012) 7, e38274.).
The Osaka researchers attached the tissue to a pantograph-shaped lattice made of polydimethylsiloxane (PDMS) equipped with legs at each corner, 4.2 millimetres long and 3.0 millimetres wide. The basic idea is that contraction of the muscle tissue distorts the parallelograms of this structure and thus shortens its overall length. By adding directionality to the design of the legs, such that the hind legs stick when the structure expands and the front legs stick when it contracts, the microrobot can be made to walk in steps of around 66 micrometres. As yet, the experimental results fall behind what could theoretically be achieved, but the authors are confident that further improvements will enhance the performance of the microrobot, e.g. by optimising the leg design and the attachment of the tissue to the PDMS structure.
One of the attractions of this biohybrid system is that its activity can be controlled chemically via the concentration of the arthropod hormone CCAP (crustacean cardioactive peptide). The group has also demonstrated that the activity of the analogous tissue in living flies can be controlled optogenetically via channelrhodopsin, opening up the prospect of light-controlled biohybrid microrobots.
An example of a biohybrid interaction at the whole organism level is the recent development of exoskeletons for patients with movement impairments. Several such devices are already available, including one which can be controlled by the user's thoughts, as it is coupled to detectors picking up the relevant brainwaves. As yet, such devices are mechanically more primitive than healthy human legs, but they are already beginning to become useful for experimental rehabilitation programmes and even for mobility of patients who would otherwise be confined to wheelchairs. Hybridisation can still go one level higher and operate at the level of society. Arguably, this may happen to us one day, when versatile humanoid robots are beginning to take over our jobs, but at the moment, a new research project is looking to explore the workings of 'hybridised' animal societies using the examples of bees and fish.
The ASSISI (Animal and robot Societies Self-organise and Integrate by Social Interaction) project is funded under the EU's FP7 programme and involves research groups from Portugal, France, Germany, Switzerland, Austria and Croatia. Looking at bee society with robotic guests, the project focuses on the complex communication structures within bee society. Because of the hardware necessary for this, the robot bees can't actually fly, they are just computational nodes sitting on a grid and communicating with the real bees. The situation is different for the fish part of the project, as in fish shoals the movement and positioning of individuals is very important, so the robotic fish will be able to swim with their natural hosts. Another project presented at the conference by Stuart Wilson from the University of Sheffield, UK, involves the introduction of artificial littermates for newborn rats, in order to study their emerging social behaviour.
Outlook
Life-like robots and sophisticated biohybrids have so far remained a staple of science fiction, a hallmark of a future that has always been beyond the horizon. But maybe the androids imagined so often are now really coming closer to our everyday lives. The impending care crisis for the fastgrowing elderly population in the rich world is most likely to be addressed with robotic help at some point. And maybe supermarket customers will eventually prefer a robotic checkout assistant to having no help at all and doing the shop's work by themselves.
More importantly, perhaps, by learning to merge biology and technology, scientists will also come up with new medical devices helping to replace failing organs and tissues, offering real help to patients with problems that are as yet untreatable. What arguably started with one man building toy tortoises may very soon become quite useful for society.
